Terahertz quantum cascade laser sources with intra-cavity non-linear frequency mixing are the first room-temperature electrically pumped monolithic semiconductor sources that operate in the 1.2-5.9 THz spectral range. However, high performance in low-frequency range is difficult because converted terahertz waves suffer from significantly high absorption in waveguides. Here, we report a sub-terahertz electrically pumped monolithic semiconductor laser. This sub-terahertz source is based on a high-performance, long-wavelength (λ ≈ 13.7 μm) quantum cascade laser in which high-efficiency terahertz generation occurs. The device produces peak output power of 11 μW within the 615-788 GHz frequency range at room temperature. Additionally, a source emitting at 1.5 THz provides peak output power of 287 μW at 110 K. The generated terahertz radiation of <2 THz is mostly attributable to the optical rectification process in long-wavelength infrared quantum cascade lasers.
The terahertz (THz) spectral range has considerable potential for application in numerous fields, including communications, imaging, spectroscopy, and biological engineering [1, 2] . One major obstacle preventing the widespread commercial deployment of this technology is the lack of a compact and mass-producible high-performance semiconductor source operating in the THz range. THz quantum cascade lasers (QCLs) are promising candidate sources for the supply of intense coherent THz light [3] [4] [5] . The operating ranges of THz QCLs span from 1.2 to 5.4 THz, and these sources have been steadily developed in recent years [6] [7] [8] [9] . However, the THz-QCL performance on the low-frequency side, in which there has been much previous research for THz applications, has been rather limited and the maximum operating temperature of low-frequency (<1.8 THz) QCLs was <100 K [4] . Additionally, further progress toward the development of QCL devices that emit at lower frequencies of <1 THz is difficult because population inversion is extremely challenging in low-frequency QCLs as a result of poor electron injection efficiency from the injector in the upper laser state and intersubband absorption in the injector. While sub-THz QCLs have been demonstrated, these devices require the application of a strong external magnetic field [10, 11] .
THz QCL sources based on intra-cavity differencefrequency generation (DFG) [12] , which were developed as alternative THz-QCL sources, are the only electrically driven monolithic semiconductor light sources that are capable of room-temperature operation in the THz spectral range [13] [14] [15] . Using the high design flexibility of QCL structures with giant second-order non-linear susceptibility [16] , these devices have expanded spectral coverage that extends over nearly the entire 1-6 THz range [13] [14] [15] . Because this approach does not require population inversion to be maintained across the THz transitions in a QCL, THz-QCLs based on DFG may be suitable for lowerfrequency THz generation. In fact, operation of a non-linear QCL source has been demonstrated at 1.2 THz using an external cavity setup [17] . However, extension of a nonlinear QCL source to operation at lower frequencies means that major challenges must be overcome: THz generation efficiency is principally limited by the high free carrier absorption in the QCL waveguide and the THz frequency squared dependence of the DFG efficiency. Simultaneous achievement of high non-linearity for DFG and high mid-infrared (MIR) range pump powers is thus essential to compensate for the degradation in the DFG efficiency. Here, we report a sub-THz source based on a high-outputpower QCL operating at λ ≈ 13.7 μm. High MIR performance is achieved by the adoption of a dual-upper-state (DAU) active region [18] , which is designed to reduce optical losses in the active region while also having very high non-linear susceptibility [19] [20] [21] . This non-linear QCL device demonstrates a THz peak output power of 11 μW at room temperature (293 K) with multimode sub-THz emission at a frequency of approximately 700 GHz.
For high-power THz generation in a non-linear QCL source, high MIR pump powers are required. Currently, THz QCL sources with intra-cavity DFG were based on MIR-QCLs emitting in the 6-11 μm range, which can provide high performance. Long-wavelength MIR QCLs, in which wide quantum wells are used for the active region, can incorporate much higher optical non-linearity for THz DFG because of their increased values of transition dipole moments. However, the long-wavelength MIR QCLs reported to date have exhibited lower output powers because of high optical absorption occurring in the waveguide [22] [23] [24] . In this work, we adopt the DAU active region [18, 19] for longer wavelength emission, in which optical absorption can be reduced due to the electron transport dynamics [25, 26] . The conduction band diagram of the active region of the device is shown in Figure 1A . The waveguide core in the presented device consists of the DAU active region, which is designed for emission at around 14 μm for the 4-to-2 and 5-to-3 transitions in the labeled states shown in Figure 1A . To obtain higher population inversion in the long-wavelength QCL, the wavefunction of the lower upper state 4 is engineered to be localized in the first quantum well, while the transition from the higher upper state 5 is engineered to be vertical under the operating electric field. The lifetimes due to the longitudinal optical-phonon emissions are estimated to be τ 5 ≈ 0.74 ps and τ 4 ≈ 1.65 ps. Figure 1C shows the gain curve for the proposed device when calculated using the non-equilibrium Green's function (NEGF) calculation method [27, 28] . The anti-crossed DAUs are designed to produce a broader gain curve. In the presented device, the calculated absorption in the injector is estimated to be ~6 cm −1 .
The optical non-linearity χ (2) in the intersubband transitions in the QCL active region is calculated using the summation of the two contributions of the double resonant (DR) and optical rectification (OR) processes. While the DR process was discussed in depth for previous non-linear QCLs, the importance of the OR process has only recently been indicated [29, 30] . The OR process was initially proposed for semiconductor quantum well structures [31, 32] , and the intersubband transition process in quantum wells was then assessed by Dupont et al. [33] . For the 4-to-2 and 5-to-3 subband transitions in Figure 1A , electric charges are induced by off-resonant transitions due to two-color MIR pumps. The induced charges may produce a screening field that reduces the bias field. Consequently, one may expect the shift of the subband energies and changes in the dipole moments; these lead to optical non-linearity [31] . The coherent OR process may play an important role in the low-frequency range <3 THz because the DFG signal based on the DR process vanishes when the difference frequency is detuned from the energy spacing between the doublet states; in MIR QCL active regions, the energy spacing is larger than ~10 meV at all operating conditions, due to strong coupling in the miniband. While the DR process requires transitions between the three quantum states, as shown on the left in the inset of Figure 1A , the OR process relies on two quantum states, as illustrated on the right in the inset of Figure 1A . The simplified expression for χ (2) is then given as follows: 21 
where ω 1 and ω 2 are the frequencies of the MIR pump powers; ω THz = ω 1 − ω 2 is the THz difference frequency; ΔN is the population inversion electron density; and z ij , ω ij , and Γ ij are the transition dipole moments, transition frequencies, and transition linewidths between states i and j, respectively. The first four terms in the parenthesis of Eq. (1) corresponds to the DR process and the last four terms represent the OR process. Because all terms in the expression for χ (2) are proportional to the product of three dipole moments, the very-long-wavelength infrared QCL active regions that consist of wide quantum wells lead to higher values of the dipole moments for the intersubband transitions, and this therefore results in high optical non-linearity for THz DFG. Figure 1D shows the calculated optical non-linearity |χ (2) | for the DAU active region. By assuming the parameter values of N ≈ 1.1 × 10 15 cm −3 , Γ = 8 meV, and Γ ij = 4 meV, we obtain |χ (2) | = 12.3 nm/V for the DR process and |χ (2) | = 126 nm/V for the contributions of both the DR and OR processes at 0.7 THz. At <1 THz, the non-linearity included in both the DR and OR terms is >10 times higher than the non-linearity calculated only with the DR terms.
In the experiments, our laser structure consists of a 70-stage In 0.53 Ga 0.47 As/In 0.52 Al 0.48 As quantum cascade structure that was grown on a semi-insulating InP substrate by the metal-organic vapor phase epitaxy technique. The wafer was processed into buried-heterostructured waveguides with double-sided current extraction schemes. The growth process begins with a 200-nm-thick InGaAs current spreading layer (Si, 1.0 × 10 18 cm −3 ), and a 5.0-μmthick n-InP (Si, 1.5 × 10 16 cm −3 ) film is used as a lower cladding layer. The lattice-matched InGaAs/InAlAs active regions were sandwiched between a 0.2-μm-thick n-In 0.53 Ga 0.47 As layer (Si, 1.5 × 10 16 cm −3 ) and a 0.45-μm-thick n-In 0.53 Ga 0.47 As layer (Si, 1.5 × 10 16 cm −3 ). The upper cladding layer consists of a 5-μm-thick n-InP (Si, 1.5 × 10 16 cm −3 ) followed by a 15-nm-thick n + -InP (Si, ~10 18 cm −3 ) cap layer. The laser waveguide was designed to provide dielectric confinement for the MIR and Cherenkov THz DFG emissions into the semi-insulating InP substrate [13] [14] [15] . From the mode spacing Δ(1/λ) of the Fabry-Pérot (FP) laser, we find the MIR group index for our QCLs of n g = 3.46; this is higher than that of the 8-11 μm QCLs (n g ≈ 3.36) that were previously used for the THz DFG. The group index of our device is much closer to the value of the THz refractive index (n InP ≈ 3.52) of the semi-insulating InP substrate. The front facet of the device was thus polished to 10°. A uniform single-period buried grating was defined for the single-wavelength emission.
Measurements of the sub-THz device were acquired using 200-ns current pulses at a 10-kHz repetition rate to gather both MIR and THz data. The emission spectra of the device were measured using a Fourier transform infrared spectrometer and recorded using a helium-cooled bolometer and a mercury cadmium telluride infrared detector for the THz and MIR components, respectively. Two off-axis parabolic mirrors with a focal length of 5 cm were used to collect and refocus the laser output onto a calibrated thermopile and the helium-cooled bolometer for the MIR and THz measurements, respectively. Optical filters were then used to distinguish between the output powers at the different frequencies. The MIR pump powers were corrected for the estimated 70% collection efficiency of our setup. The THz power was not corrected to account for the collection efficiency.
We used the distributed feedback (DFB)/FP pumping configuration, as shown in Figure 1B [20] , for THz generation via two-color MIR non-linear mixing. Using this method, we have recently demonstrated the first THz frequency comb based on non-linear THz-QCL [15] . The grating period was designed to provide feedback single-mode lasing at the MIR wavelength for λ DFB of ~13 μm. The spectral position of the DFB emission line was determined from the calculated gain curve shown in Figure 1C . A grating period of Λ = 2.07 μm was used for the DFB emission. A uniform single-period buried grating was defined for the single-wavelength emission and was etched to a depth of 200 nm into the upper n-In 0.53 Ga 0.47 As waveguide layers. The grating coupling coefficient κ was calculated to be 4.5 cm −1 . The DFB position was detuned by approximately 30 cm −1 from the simulated peak gain at the threshold (23 kV/cm) so that it did not strongly suppress the FP emission, as shown in Figure 1B . The I-L characteristics for the MIR and THz signals for a 14-μm-wide, 3-mm-long, sub-THz device during pulsed operation are shown in Figure 2A . The THz emission threshold current density at 293 K was 3.6 kA/cm 2 . Despite the long-wavelength MIR range, the total peak optical output power of 0.76 W with slope efficiency of 0.86 W/A was obtained at room temperature and two-wavelength emission was achieved at λ DFB = 13.14 μm and λ FP = 13.7 μm (inset, Figure  2A ). The MIR slope efficiency of the presented device at room temperature is more than twice as high as the corresponding values of previously reported lasers operating within the same wavelength range [22] [23] [24] ; these high slope efficiencies are attributed to the low waveguide losses in our device. Using room-temperature threshold currents for the devices with different cavity lengths, we obtained α w ≈ 9.1 cm −1 for both at room temperature. After lasing at the shorter DFB emission wavelength λ DFB , FP emission is observed. The MIR power increases as a function of input current up to the rollover point, and, as a result, peak THz power of approximately 11 μW is obtained. The inset in Figure 2A shows the MIR emission spectrum at 2.4 A and 293 K. Figure 2B shows the THz emission spectra at 293 K, which are a consequence of non-linear mixing between DFB single-mode lasing and multi-mode emission due to the FP cavity. The operating frequency range of 615-788 GHz at room temperature is the lowest among all electrically pumped monolithic THz laser sources, including THz-QCLs under a strong applied magnetic field at 215 K [11] . Figure 3A depicts the temperature dependence of the THz I-V-L characteristics, where V is the voltage, in the 78-293 K temperature range and in the same pulsed mode. The figure shows a THz output power of approximately 62 μW at 110 K at an emission frequency of ~0.9 THz. Figure 3B shows the THz and MIR spectra of the device when measured at different temperatures. Stable single-mode operation and multimode operation are obtained throughout the temperature range from 78 to 293 K. Figure 3C plots the THz power vs. the product of the two MIR pump powers. The MIR-to-THz power conversion efficiency, which is defined as the ratio of the THz peak power to the product of the MIR pump powers, was estimated to be >0.14 mW/W 2 at threshold at both 78 and 293 K. The higher THz output powers at low temperatures are thus attributed to the increased output pump power, as shown in the inset of Figure 3C .
We also fabricated devices with MIR DFB gratings designed for a pump frequency separation at 1.1, 1.4, and 2.4 THz. Figure 4A shows the room-temperature MIR and THz emission spectra of the devices, and the THz power as a function of the product of the MIR pump powers is shown in Figure 4B . The 1.1-and 1.4-THz devices provided 25 and 40 μW of powers with conversion efficiencies of 0.17 and 0.23 mW/W 2 , and the 2.4-THz device demonstrated nearly 112 μW of power with a high conversion efficiency of 1.4 mW/ W 2 at threshold. Figure 4C shows the conversion efficiencies as a function of operation frequency. The calculated curve including the OR and DR terms is in a reasonable agreement with the experimental results, in which the contribution of the DR term is negligibly small in the frequency range <2 THz, and thus the generated THz radiation is mostly attributable to the OR process. Further work is currently under way to understand the physics underlying the OR process in QCLs (Fujita K and Yamanishi M, unpublished) .
Finally, we also tested the 1.1-THz source shown in Figure 4 at a low temperature of 110 K in order to obtain high peak output power in the 1 THz range. It would be valuable to evaluate the performance of the low-frequency THz source at low temperatures, as the operation of THz-QCLs emitting at <1.8 THz has been rather limited. The THz light-current characteristics are shown in Figure 5A and B. The device provides THz peak power of approximately 287 μW, and the THz emission spans from 1.2 to 1.6 THz. The THz power at 110 K is comparable to the power of the 1.2-1.6 THz QCL at liquid helium temperature, which did not operate at >80 K [4] . We note that this device is capable of producing average power of >30 μW at higher duty cycles (>10%).
In conclusion, we report the realization of sub-THz sources based on high-power, long-wavelength MIR DAU-QCLs with a single DFB grating. We achieved a sub-THz emission frequency of ~700 GHz at room temperature, and we have demonstrated the lowest reported frequency (and longest wavelength) in any single monolithic semiconductor laser source. A 1.5-THz device produces an output power of 287 μW at 110 K, which is comparable to the performance of a low-frequency THz-QCL operating below the liquid nitrogen temperature. Furthermore, we experimentally clarified that the low-frequency THz generation in MIR QCLs is mostly attributed to the OR process for the intersubband optical non-linearity. The demonstrated lowfrequency THz semiconductor sources, which are operable at room temperature, may offer new opportunities for many THz applications because the low-THz frequency range has previously lacked a high-performance semiconductor source. In fact, the first performance of THz imaging using the room-temperature THz-QCL source operating at a higher frequency has recently been demonstrated [34] . 
